EMBo reports Vol 12 | no 7 | 2011 647 review review DNA methyltransferases (DNMTs) establish and maintain DNA methylation patterns at specific regions of the genome, thereby contributing to gene regulation. It is becoming evident that an intricate web of pathways target DNMTs to these genomic regions. Here, we review the understanding of these regulatory mechanisms and provide an overview of the new findings, emphasizing the emerging scenario in which several levels of regulation are coordinated to control DNMTs. The mechanisms involved include the dynamic interplay between interdependent post-translational modifications that regulate DNMTs, post-transcriptional regulation by miRNAs and the emerging role of non-coding RNA in targeting mammalian DNMTs. The analysis of these mechanisms is imperative to the understanding of the role of DNA methylation in regulating gene expression during development and in disease.
Introduction
Dna methylation is a key mechanism of epigenetic regulation in eukaryotes. in mammals, Dna methyltransferases (DnMts) establish and maintain methylation of the fifth carbon of cytosine residues in Dna within cg dinucleotides. genomic methylation patterns are established in at least two developmental periods-in germ cells and preimplantation embryos-generating cells with broad developmental potential. Maintenance mechanisms then ensure the inheritance of proper Dna methylation patterns in somatic differentiated cells (reik et al, 2001) . in addition, mammalian Dna methylation has a crucial role in maintaining pluripotency, X-chromosome in activation and genomic imprinting (Bird, 2002) . Dna methylation also protects genome integrity by silencing transposable elements to ensure chromosome stability (goll & Bestor, 2005; Howard et al, 2008) . aberrant Dna methylation is the best-characterized epigenetic hallmark for several pathologies, including cancer (robertson, 2005) . cancer cells are characterized by the loss of both global and gene-specific Dna methylation, as well as by hypermethylation of specific promoters (Jones & Baylin, 2007; portela & Esteller, 2010) . Furthermore, dysregulated expression of DnMts has been reported for various human cancers including hepatomas, as well as prostate, colo rectal and breast cancers (Miremadi et al, 2007) , and defects in some DnMts lead to mouse embryonic lethality (li et al, 1992) . there are several methods by which to map the genome-wide distribution of methylated Dna residues, such that entire 'methylomes' can be characterized at single base-pair resolution. these studies have given surprising insights into the dynamics of Dna methylation, including the presence of extensive 5mec in a non-cg sequence context (laurent et al, 2010; lister et al, 2009) , and confirmed that gene-body methylation in actively transcribed genes is a consistent phenomenon throughout the human genome (Ball et al, 2009; laurent et al, 2010) . these data and others have raised intriguing questions about how the Dna methylation machinery is directed to specific sequences to establish complex Dna methyl ation patterns. in this review, we begin by considering how the establishment and maintenance of Dna methylation is controlled in mammals. We then examine key aspects of the mechanisms that target mammalian DnMts, including the involvement of non-coding-rnas (ncrnas) in mediating cg methylation in mammals. Furthermore, we discuss the recently identified post-transcriptional regulation of DnMts by micrornas (mirnas) and finally provide an update on the regulation of DnMt activity by post-translational modifications.
Targeting DNMTs: an overview
Structural insights in mammalian genomes, DnMts are the only enzymes that have been shown to mediate the transfer of a methyl group from S-adenosylmethionine (SaM) to cytosine (goll & Bestor, 2005) . there are three enzymatically active mammalian DnMtsDnMt1, DnMt3a and DnMt3B-and one related regulatory protein, DnMt3l, which lacks catalytic activity (Fig 1a) . DnMts are essential for the establishment of cytosine methylation patterns, as well as for their maintenance throughout cell replication (goll & Bestor, 2005) . DnMt1 is primarily a maintenance methyl transferase that preserves methylation patterns during cell division. it localizes to Dna replication foci during S phase, at which it prefer entially methylates hemimethylated cg dinucleotides through its inter action with uHrF1 (avvakumov et al, 2008; Sharif et al, 2007) . there is also evidence of DnMt1 de novo activity in human cancer cells (Jair et al, 2006) and in maintaining genome stability (chen et al, 1998) .
Regulation of mammalian DNA methyltransferases: a route to new mechanisms reviews re v iew although DnMt1 was the first-identified eukaryotic methyltransferase (Bestor et al, 1988) , the crystal structures of mouse DnMt1 (residues 650-1602) and human DnMt1 (residues 646-1600) have only been solved recently (Song et al, 2011) . this report revealed that active DnMt1-in complex with SaM and duplex Dna containing unmethylated cg sites-undergoes conformational changes. the cXXc domain of DnMt1 binds specifically to unmethylated cg sites and positions the cXXc-BaH1 linker between the unmethylated Dna and the active site of DnMt1, thereby preventing de novo Dna methylation (Fig 1a) . as such, the authors propose that auto-inhibition of de novo methylation is essential to increase the efficiency of maintenance methylation by DnMt1. the crystal structure of DnMt1 bound to hemimethylated Dna needs to be solved in order to understand DnMt1 substrate recognition. one of the key questions is what defines the intrinsic preferences of DnMts for certain Dna sequences, whether these sequences encompass hemimethylated cg, unmethylated cg or the recently affirmed non-cg substrates.
in this context, DnMt1 has been shown to be dependent on the Sra domain of uHrF1 for its recruitment to hemimethylated cg sites (Sharif et al, 2007) . For the DnMt3 enzymes, which are responsible for de novo methylation during embryonic development, several models have been proposed to explain the way in which they are targeted to genomic regions. these models mainly involve the inherent properties of DnMt3 enzymes and the in fluence of their interacting partners, which operate either separately or synergistically. it has been suggested that the intrinsic sequence preferences of DnMt3 enzymes are important for global de novo methylation, whereas crosstalk with other factors seems to be more important for locus-specific Dna methylation (Jurkowska et al, 2011) . Structural information has revealed that DnMt3a and DnMt3B are closely related and that both contain a pWWp domain, a pHD-like aDD domain and a catalytic domain. By contrast, DnMt3l only has an aDD domain (Fig 1a; cheng & Blumenthal, 2010; goll & Bestor, 2005) .
From in vitro studies, new concepts about the inherent properties of DnMt3s have been postulated. the catalytic activities of DnMt3a and DnMt3B seem to be influenced by sequences next to the target cg sites, suggesting a role for sequence preference by de novo DnMts in human genomic methylation patterns (Handa & Jeltsch, 2005) . interestingly, previous in vitro studies reported that DnMts methylate ca dinucleotides with high activity, in addition to being most active at cg sites (gowher & Jeltsch, 2001) . these sequence preferences could shed light on non-cg methylation, which was recently identified in embryonic stem cells, in which ca dinucleotides are the predominant form. although DnMt3l shows no methyltransferase activity, it is indispensable for the de novo methylation of most imprinted loci in germ cells (Jia et al, 2007) . DnMt3l both stabilizes the conformation of the active-site loop of DnMt3a, to enhance de novo methylation, and increases the binding of SaM (Jia et al, 2007) . Furthermore, the DnMt3a-DnMt3l complex favours cg sites that are regularly distributed at distances of 8-10 base pairs, which is in line with recent genomewide findings of methylated cg and non-cg sites at a periodicity of 8-10 base pairs (lister et al, 2009) .
Chromatin-mediated mechanisms in mouse embroyonic stem cells, DnMt3l interacts with cores histones. peptide studies have revealed that the aDD domain of DnMt3l selectively binds to the unmethylated lys 4 of histone H3 (H3K4), thereby triggering de novo Dna methylation at nucleosomes depleted of H3 methylated at lys 4 (Fig 1Bi; ooi et al, 2007) . other in vitro studies have found that DnMt3a and DnMt3B bind to unmethylated H3K4 through their aDD domain in the absence of DnMt3l (otani et al, 2009; zhang et al, 2010) . to understand the impact of these interactions, more studies are needed that link them to physiological contexts. Evidence is emerging about the in vivo regulation of DnMt3 enzyme levels and their de novo methylation activity. For instance, DnMt3a and DnMt3B have been mostly found to be stably anchored to nucleosomes containing higher levels of methylated Dna in somatic cells (Jeong et al, 2009) . this nucleosome-linked Dna methylation was recently shown to be essential for regulating cellular levels of DnMt3a and DnMt3B (Sharma et al, 2011) . Several reviews have emphasized that Dna methylation works with local chromatin conformations to regulate specific methylation patterns that control gene transcription (Brenner & Fuks, 2007; cedar & Bergman, 2009 ). Structural studies suggest that DnMts can 'read' histone modifications, which leads to their recruitment to nucleosomes carrying specific marks. genome-wide analyses have revealed that there is a strong inverse correlation between Dna methylation and histone H3K4 methylation in both em bryonic stem and somatic cells (Hodges et al, 2009; Meissner et al, 2008) . these findings were confirmed in postnatal neural stem cells (nScs), for which genome-wide analysis has shown that DnMt3a is excluded from active chromatin marked by H3K4 trimethylation (H3K4me3; Wu et al, 2010) . interestingly, in nScs, most DnMt3a is located within gene bodies and intergenic regions, which is consistent with the recent discovery that Dna methylation levels are high in the gene bodies of actively transcribed genes (Ball et al, 2009; laurent et al, 2010; Weber et al, 2007) . other histone modifications, including H3K36me3, H3K9me3 and H3K27me3, have also been implicated in guiding Dna methylation to specific chromatin regions. Mapping studies have shown a strong correlation between Dna methylation and H3K36me3, which is primarily located in gene bodies (Hodges et al, 2009) . peptide studies have suggested that the DnMt3a pWWp domain specifically interacts with H3K36me3 and increases DnMt3a methylation activity on native nucleosomal Dna (Dhayalan et al, 2010) . Furthermore, differences were recently found in the levels of H3K36me3 (Kolasinska-zwierz et al, 2009 ) and Dna methylation (Hodges et al, 2009; laurent et al, 2010) at exon-intron boundaries, with exons being preferentially enriched for both modifications. Dna methylation has also been correlated with H3K9me3 reviews re v iew in mammalian hetero chromatin, which is typically charac terized by these epigenetic modifications. Supporting data from embryonic stem cells have revealed that de novo DnMts are targeted to major satellites through a DnMt3a-DnMt3B/Hp1 putative complex, perhaps to re inforce the stability of the heterochromatin subdomain and genome intergrity (lehnertz et al, 2003) . in addition to H3K9me3, mammalian heterochromatin is associated with the repressive mark H3K27me3-a modification mediated by EzH2-containing polycomb repressive complexes. in some cancer cells, polycomb-mediated H3K27me3 is associated with increased Dna methylation, and EzH2 has been proposed to mediate this crosstalk through interaction with DnMts, leading to de novo methyl ation (Schlesinger et al, 2007; Vire et al, 2006) . it will be important to elucidate the role of this repressive histone mark in targeting Dna methyl ation to specific genomic loci, as the EzH2-DnMt crosstalk is not observed in all cancer cells, or in normal cells or tissues.
Histone methylation patterns clearly affect de novo Dna methylation by guiding DnMts to specific genomic regions. However, the key remaining questions are about the specificity of the direct interaction of DnMts at specific loci and in response to various environmental signals. additionally, the interplay between combinatory histone modifications that target DnMts across the genome awaits clarification. one possibility is that this crosstalk occurs through physical interaction between DnMts and chromatin-modifying enzymes (Fig 1Bii; cedar & Bergman, 2009 ). a recent example shows that the DnMt3a aDD domain interacts with both prMt5 and symmetrically methylated histone H4 at arg 3 (H4r3me2s) to silence γ-globin genes (otani et al, 2009; zhao et al, 2009) . although these studies improve our understanding of the way in which DnMts are targeted to specific regions of the genome, we do not have the full picture. this suggests that as-yet-unknown factors are involved in targeting DnMts.
RNA-based mechanisms plants and lower eukaryotes, such as Schizosaccharomyces pombe
and Caenorhabditis elegans, have been shown to use smallinterfering rnas (sirnas) to target silent-state epigenetic marks to specific genomic regions to mediate transcriptional gene silencing (tgS; Verdel et al, 2009) . the Dna methylation-targeting system, termed rna-directed Dna methylation (rdDM), involves small rnas of 21-24 nucleotides in length, which are incorporated into an argonaute 4 complex. the small rnas presumably guide DrM1/2 enzymes-homologues of mammalian DnMt3a/B-to their corresponding genomic Dna (Matzke et al, 2009; Qi et al, 2006) . in Arabidopsis thaliana, genome-wide analyses of Dna methylation at single-base resolution have shown that cellular small rnas direct approximately 30% of cytosine methylation events (cokus et al, 2008; lister et al, 2008) .
the recent discovery that plants and animals have highly conserved Dna methylation features (Feng et al, 2010) raises the question of whether rdDM is also present in mammals. preliminary results indicate that tgS is observed when sirnas targeted to specific gene promoters-such as ubiquitin c and human immuno deficiency virus type 1 (HiV1)-are exogenously administered to human cells (Hawkins et al, 2009; turner et al, 2009) . the mechanistic details from these studies suggest that rna-directed tgS in human cells involves sirnas targeted to gene promoters in an argonaute-1-dependent manner, perhaps leading to the recruitment of DnMt3a reviews re v iew and HDac1-containing epigenetic silencing complexes. attention should be given to establishing whether there are endogenous effectors of rna-driven tgS in human cells. a class of small ncrnas, the piwi-interacting rnas (pi rnas), have shed light on the mechanism that could guide de novo Dna methylation to specific sequences in mammals. pirnas are predominantly expressed in mammalian germlines and, at 26-31 nucleo tides in length, they are slightly longer than sirnas. they are characterized by their association with proteins in the piwi subfamily of argonaute proteins. Mouse male germ cells that are deficient in one or two of the three murine piwi family members, Mili or Miwi2, show defective de novo Dna methylation of transposons. importantly, the mutant mice show a phenotype similar to that of DnMt3l-deficient mice (Kuramochi-Miyagawa et al, 2008) , which has led to the hypothesis that piwi-pirna complexes might guide DnMt3a/DnMt3B to transposon sequences, although the molecular mechanism underlying pirna-induced Dna methylation remains unknown. an interaction between MiWi2 and DnMt3a or DnMt3B has not been detected so far, suggesting that pirnacontaining complexes do not directly bring DnMts to their target sequences (aravin et al, 2008) . instead, piwi-pirna complexes might first recruit chromatin-modifying enzymes to establish epigenetically stable repression marks that eventually promote de novo Dna methylation through the activity of the DnMt3a-DnMt3l complex (proposed model in Fig 1Biii; aravin et al, 2008) .
intriguing preliminary studies in vitro have shown that DnMt3a and DnMt3B are able to form rna protein complexes (rnp; Jeffery & nakielny, 2004) . Moreover, DnMt3a has been shown to interact with small ncrnas (Weinberg et al, 2006) . a recent study of the role of promoter-associated rna (prna)-a ncrna that is complementary to the promoter of ribosomal rna (rrna) genes-reported the involvement of DnMt3B in the transcriptional silencing of rrna genes in mouse embryonic fibroblasts. a direct inter action between prna and the t 0 element located in the promoter of rrna genes was shown to form a Dna:rna triplex in vitro that is specifically recognized by DnMt3B (Fig 1Biv; Schmitz et al, 2010) . More research is required to show an interaction between DnMts and rna molecules in vivo, and to estimate the extent of prna-mediated targeting of DnMts. it will be crucial to determine whether this mechanism applies to any gene that is silenced by Dna methylation. these in vitro studies, together with the piwipirna studies, suggest that rna has an important role in guiding mammalian DnMts to specific genomic loci and, consequently, in establishing specific Dna methylation patterns. However, gaps remain in our understanding of the function and biological consequences of mammalian rdDM in the context of development and disease. With the advent of new sequencing technologies, it is clear that most of the mammalian genome is transcribed, which generates a range of rnas with no coding capacity. it is therefore possible that several other types and classes of both small and long ncrnas that are associated with epigenetic mechanisms will be discovered in the near future. Some of these ncrnas might be responsible for targeting the Dna methylation machinery to the recently identified extensive gene-body methylation in mammals (Sidebar aiv).
MiRNAs: key players in regulating DNMTs?
Mirnas are the best-known class of short ncrnas in mammalian cells. typically around 21 nucleotides in length, they are imperfectly aligned with the 3'utr of target mrnas and induce their trans lational repression, de adenylation or degradation . More than 1,000 mirnas have been described in the human genome, and there is ongoing work to delineate their specific targets. recent reports have indicated that specific mirnas could have a role in the control of the Dna methylation machinery and, interestingly, the altered expression of some mirnas is linked to aberrant cancer genome methylation patterns (Fig 2) . of particular interest are the mir-29 family members, including mir-29a, mir-29b and mir-29c, which have been shown to directly target DnMt3a and DnMt3B. overexpression of the mir-29 family in lung and acute myeloid leukaemia (aMl) cancer cell lines was found to downregulate both DnMts and global Dna methylation (Fabbri et al, 2007; garzon et al, 2009 ). a parallel study has further implied that mir-29b could negatively regulate DnMt3a and DnMt3B in mouse pri mordial germ cells and suggested an important role for these mirnas in female gonadal development (takada et al, 2009) . interestingly, overexpression of mir-29b in aMl cells was shown to downregulate Sp1, a known transcription factor for DnMt1 (garzon et al, 2009 ). this could indicate another mechanism through which mirnas indirectly regulate DnMts in vivo.
mir-148 has also been observed to target DnMt3B in Hela cells by binding to a recognition site located in the coding region, outside the usual 3'utr. this observation implies that mir-148 is important for regulating the abundance of the DnMt3B splice variants (Fig 2;  Duursma et al, 2008) . More recent studies have demon strated that DnMt1 is also regulated directly by mir-148, in both human cholangiocarcinoma and systemic lupus erythematosus (SlE) cell lines (Braconi et al, 2010; pan et al, 2010) . overexpression of mir-148 reduced DnMt1 protein levels, which in turn promoted Dna hypomethylation and increased expression of methylation-sensitive genes, such as CD70 in cD4 + t cells and Rassf1a in cholangiocarcinoma. Surprisingly, these studies draw different conclusions regarding the way in which mir-148 targets DnMt1: the recognition region is shown to be in either the 3'utr (Braconi et al, 2011) or the coding sequence (pan et al, 2010) . nevertheless, the majority of mi rnas regulating DnMt1-including mir-126 and mir-152-have been shown to target the 3'utr of DnMt1 in SlE, human cholangiocarcinoma and liver cells (Fig 2; Braconi Huang et al, 2010; pan et al, 2010; zhao et al, 2011) . an analysis of human cholangiocarcinoma xenografts with decreased mir-152 levels confirmed that mirnas directly modulate DnMt1 in vivo, resulting in the silencing of crucial tumour suppressor genes (Braconi et al, 2010) . a previously unknown mechanism through which mi rnas regulate DnMts was revealed by experiments inhibiting Dicer, a component of the mirna processing machinery. Dicer-deficient mouse embryonic stem cells, which contain no mature mirnas from the mir-290 cluster, revealed down regulation of DnMt3a, DnMt3B and DnMt1-probably through the up regulation of the DnMt repressor rBl2, a target of mir-290 (Benetti et al, 2008; Sinkkonen et al, 2008) . these reports emphasize the role that mi rnas might have in mediating the post-transcriptional regulation of DnMts during disease patho genesis and development (summarized in Fig 2) . nevertheless, further studies are essential to determine whether mirnas are key mediators in the regulation of endogenous DnMts, given that the mirnas were overexpressed in almost all of the studies in which their biological impact was addressed.
in addition to mirnas, the ubiquitously expressed Hur protein was recently shown to regulate the expression of DnMts reviews re v iew post-transcriptionally by binding to their 3'utr (Fig 2) . Hur binds to its target mrnas through an rna recognition motif, and modifies their expression by altering their stability, translation or both (Kuwano et al, 2008) . interestingly, the binding of Hur to DnMt3B mrna increases the expression of DnMt3B in human colo rectal cancer cells by enhancing its stability, which in turn affects both global Dna methylation and DnMt3B-specific target Dna methylation levels (Fig 2; lopez de Silanes et al, 2009 ). thus, a scenario is emerging in which many levels of regulation are involved to ensure that DnMts are tightly controlled during various stages of development. importantly, post-transcriptional regulation of DnMts has a crucial role in disease aetiology, as has been shown in various cancers in which the expression of mirnas is altered (Fig 2) .
PTMs: a dynamic interplay regulating DNMTs
covalent post-translational modifications (ptMs) including acetylation, methylation, phosphorylation, ubiquitination, SuMoylation, aDp-ribosylation, citrullination, butyrylation, propionylation and glycosylation, provide a vast indexing potential and an expanded function for histone and non-histone proteins. Myriad studies have shown that in chromatin, ptMs have an important function in regulating gene expression. However, the functional significance of some of these modifications remains to be determined (gardner et al, 2011) . Biochemical studies have shown that DnMts are also regulated by ptMs. the majority of these studies have been limited to in vitro assays that have given only a preliminary understanding of the role of ptMs in Dna methylation patterns. nevertheless, it is interesting to note that acetylation, ubiquitination, SuMoylation, methylation and phosphorylation could influence the function of DnMts; especially their catalytic properties, stability and interaction with other proteins (summarized in Fig 3) . advances in biochemical approaches and new methods are needed for a full appreciation of the way in which ptMs could affect DnMt function in vivo (Sidebar ai).
the post-translational modification of a growing number of nuclear proteins by the small ubiquitin-like modifier SuMo-1 has emerged as an important mechanism for regulating protein-protein interaction, enzyme activity, protein stability and subcellular localization (Verger et al, 2003) . SuMoylation of both DnMt3a and Fig 2 | Post-transcriptional regulation of mammalian DNA methyltransferases. miRNAs and the HuR protein that target DNMT1 and DNMT3A/3B mRNAs are indicated. miR-148 binds to DNMT1 and DNMT3B coding regions; miR-29 family members (miR-29s) bind to the 3'UTR region of DNMT3A/3B mRNA, leading to downregulation of DNMTs. HuR protein binds to the 3'UTR region of the DNMT3B mRNA, increasing its stability. The known functional consequences of these post-transcriptional regulations are indicated. DNMT, DNA methyltransferase; HuR, Hu-antigen R; miRNA, microRNA; mRNA, messenger RNA; UTR, untranslated region.
reviews re v iew
DnMt3B has been known for some time, but the endogenous modi fication of these DnMts and the enzyme involved remains to be discovered. initial reports suggest that SuMoylation of DnMt3a modifies its ability to interact with other proteins such as HDacs (Fig 3, SuMo-1 
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Fig 3 | Post-translational regulation of mammalian DNA methyltransferases. A summary of the covalent PTMs of DNMT1 and DNMT3A/3B proteins highlighting their biological significance in physiological contexts. These modifications include phosphorylation (P), methylation (Me), sumoylation (SUMO), acetylation (Ac) and ubiquitination (Ub). The enzymes reported to mediate these PTMs are shown. DNMT, DNA methyltransferase; HDAC, histone deacetylase; KDM, lysine demethylase; KMT, lysine methyltransferase; LSD, lysine-specific demethylase 1; PCNA, proliferating cell nuclear antigen; PTM, post-translational modification; SUMO, small ubiquitin-like modifier UHRF1, ubiquitin-like, containing PHD and RING finger domains 1.
reviews re v iew various conditions is neces sary. a recent report in plants described a robust method using in-depth tandem mass spectrometry analyses to identify a large collection of endogenous SuMoylated proteins. this method could be applied to mammalian cells (Miller et al, 2010) . lysine methylation has also been identified as a reversible, posttranslational modification of DnMts. Wang et al (2009) have suggested that methylation of DnMt1 at lys 1096 (lys 1094 in human DnMt1) is dynamically regulated by the lysine methyl transferase Set7/9 (also known as KMt7) and the lysine-specific demethylase 1 (lSD1, also known as KDM1; Fig 3, pink circle shows lysine methyl ation), which in turn affects global Dna methylation levels in mouse embryonic stem cells. in a parallel publication by Estève et al (2009) , SEt7 was shown to methylate lys 142 of human DnMt1, and knockdown of SEt7 led to increased DnMt1 levels. on the basis of reports from both groups, it seems likely that lysine methylation of DnMt1 is a signal for protein degradation through the protea some pathway. it remains to be determined whether methylation at other sites is also involved in the regulation of DnMt1 stability, and whether DnMt3a and DnMt3B are also subject to lysine methylation. Furthermore, as the increased expression of DnMt1 is associated with many types of cancer, partly due to enhanced protein stability (agoston et al, 2005) , further work should evaluate the role of SEt7/lSD1 in this process.
protein phosphorylation is the most-extensively studied posttranslational modification and has been shown to have a role in most, if not all, cellular processes. in particular, phosphorylation can either promote or inhibit protein-protein interactions, affect Dna binding proper ties and alter the subcellular localization of proteins. Surprisingly, phosphorylation of the Dna methylation machinery has not been extensively studied. DnMt1 has long been known to be phosphorylated at Ser 515 in vitro (glickman et al, 1997) . one report has suggested that phosphorylation of DnMt1 at Ser 515, located in the amino-terminal replication-foci-targeting domain, is required to maintain the interaction between the n-terminal domain of DnMt1 and its catalytic carboxy-terminal domain, which is deemed necessary for DnMt1 activity (goyal et al, 2007) . More recently, in vitro studies have identified protein kinases responsible for the phosphorylation of DnMt1. cDKl5 was found to directly bind to and weakly phosphorylate DnMt1 at its n-terminal domain (Kameshita et al, 2008) , but the physiological significance of this phosphorylation is unclear. recombinant cK1δ was also shown to bind to the n-terminal regulatory domain of DnMt1 and to phosphorylate Ser 146 in mouse-brain extract, thereby reducing the Dna-binding activity of DnMt1 (Sugiyama et al, 2010) . in human cells, aKt and pKc protein kinases were shown to phosphorylate recombinant DnMt1 at residues Ser 127/143 and Ser 127, respectively (Fig 3, phosphorylation is shown as a yellow circle; Hervouet et al, 2010) . Moreover, aKt1-mediated phosphorylation of DnMt1 at Ser 143 was shown to contribute to the stability of DnMt1 in a cell-cycle-dependent manner (Estève et al, 2011) . phosphorylation of DnMt1 at these sites decreased the ability of the protein to interact with pcna and uHrF1, which are involved in the maintenance of Dna methylation patterns through the recruitment of DnMt1 during mitosis. there are no reports of the phosphorylation of the DnMt3 family of proteins so far. However, there is emerging evidence to suggest that the kinase cK2 phosphorylates DnMt3a, leading to a substantial decrease in global genomic methylation levels (F. Fuks, unpublished data; Sidebar ai). taken together, these data suggest that Dna methylation is also influenced by DnMt phosphorylation. However, in vivo results are required to substantiate their biological significance. Future research will need to address this and investigate the role of the many ptMs that modify DnMt enzymes. there is evidence of the interplay between different ptMs in the cell-cycle-dependent regulation of DnMt1 stability. this includes the 'methylation and phosphorylation' switch that modulates DnMt1 stability (Estève et al, 2011) , as well as the newly defined, coordinated series of sequential ptM events involving acetylation and ubiquitination that control DnMt1 abundance (Sidebar a; Bronner, 2011; Du et al, 2010) . interestingly, the dynamic crosstalk between DnMt1 mono methylation of lys 142 by SEt7 and DnMt1 phosphorylation of Ser 143 by aKt kinase (Estève et al, 2011) emphasizes the mutually exclusive existence of these ptMs in regulating the stability and degradation of DnMt1 and thus impacting on global genome methylation. Further support for dialogue between cell-cycle-dependent post-translational events in regulating DnMt1 involves the sequential tip60-mediated DnMt1 acetylation of lys 173, 1113, 1115 and 1117, and DnMt1-ubiquitination by uHrF1 (Fig 3; choudhary et Du et al, 2010; Kim et al, 2006) . tip60-mediated DnMt1 acetylation accompanied by ubiquitination leads to its degradation, which is counteracted by the presence of HDac1 and HauSp. in the absence of HDac1 and HauSp, Dna hypo methylation is observed on the imprinted H19 locus, but not across the genome or in repetitive sequences.
given the prominent role of DnMts during development, the cell cycle and disease stages, new method ologies will be vital to elucidate the way in which ptMs of DnMts act together to regulate Dna methylation levels.
Outlook and perspectives
as ptMs are involved in the regulation of many proteins, we think this might be the case for DnMts, and thereby Dna methylation. the current data suggest a role for ptMs in the regulation of DnMt levels and function, and it is crucial to determine how and which ptMs control DnMts, and under which circumstances they do so. thus, we urge the community to undertake the large-scale screening of ptMs in the context of the emerging methylation maps for reviews re v iew various genomes. Doing so will enable the creation of a comprehensive catalogue of ptMs that regulate DnMts in various cellular contexts and phenotypes. these data will refine our understanding of the way in which such modifications influence Dna methylation in the context of regulating gene expression. Moreover, the database could be extended by adding data about the influence of ptMs on the nuclear localization of DnMts, the interaction of DnMts with other chromatin modifications, rna-related processes and gene transcription. compiling these data might allow pathways to be mapped to explain the way in which DnMts influence Dna methylation patterns. it is worth noting that the proteins involved in rdDM-a key mechanism for de novo methylation in plants-are partially homolo gous to mammalian DnMt3s and have conserved c-terminal catalytic domains, although the n-terminal domains are highly divergent (Sidebar aiii). the new data described in this review concerning rna-directed methylation in mammals suggest that Dna methylation is targeted through a base-pairing mechanism to specific regions at which sequence similarity between rna and Dna is high. Mapping experiments are needed to analyse fully the context in which this mechanism functions during development or disease states, as well as the protein complexes involved and the chromatin modifications that participate in mediating rdDM. For instance, the mammalian genome does not seem to contain the putative SnF2 chromatin-remodelling protein DrD1 or any known homologue of rna-dependent rna poly merase, both of which are required for rdDM in plants. it is therefore imperative that the key mediators of this mechanism in mammals are identified, as well as the signals that trigger it under various cell conditions. genomewide maps of the contribution of rna to Dna methylation patterns during development and in disease conditions would be of great interest.
the emerging picture of the recruitment of DnMts takes into account the previously described chromatin-based mechanisms and structural properties of DnMts, and adds the recently dis covered contribution of rnas to fine-tune the sequence preferences observed in Dna methylation patterns. identifying the partners that function at different sequences is one of the main objectives for the future. For example, is there a coordinated crosstalk between ncrnas and H3K36me3 in recruiting DnMts to gene bodies? Experiments that answer these and other questions could substantiate the contribution of ncrnas, chromatin, ptMs and the inherent properties of DnMts in regulating Dna methylation and, consequently, gene expression (Sidebar av). the future of the Dna methylation field lies in the comprehensive integration of studies that link genomewide mapping of methylated cytosines with global analysis of the methylation machinery. acKnoWlEDgEMEntS H.D. is supported by the Brussels region programme 'BruBreast'. M.n.n. is supported by the European union grant cancErDip Fp7. F.F. is a Senior research associate from the Belgian Fonds de la recherche Scientifique.
